Cerebral perfusion was evaluated in twelve patients undergoing elective infra-renal abdominal aortic aneurysmectomy by transcranial Doppler ultrasonography-determined middle cerebral artery mean flow velocity, near-infrared spectroscopy-assessed cerebral oxygen saturation and systemic haemodynamic variables. The middle cerebral artery mean flow velocity and cerebral oxygen saturation decreased during cross-clamping of the aorta, and both increased upon declamping of the aorta with the oxygen saturation change lagging behind the change in the flow velocity. The changes in cerebral flow velocity and oxygen saturation paralleled the deviations in cardiac output and end-tidal carbon dioxide tension.
The systemic haemodynamic responses to crossclamping and declamping of the aorta during aortic surgery are well known. They include hypertension upon cross-clamping and hypotension upon declamping 1, 2 . However, there are few reports of the effects of cross-clamping and declamping of the aorta on the cerebral circulation during aortic surgery. Aadahl and his colleagues reported an increase in cerebral blood flow and cardiac output (CO) in the pig when the thoracic aorta was clamped 3 . Values returned to the preocclusive levels within the first minutes after the release of the clamp. In a more recent clinical study 4 , an elevation in middle cerebral artery flow velocity after aortic cross-clamping was followed by a further increase after declamping during thoracic and thoracoabdominal aortic aneurysm repair. The systemic haemodynamic variables are less affected if the aorta is cross-clamped below the renal vessels 5 , and the response of cerebral perfusion to clamping and declamping of the infra-renal aorta may therefore also be different. This clinical observational study assessed both systemic haemodynamic variables and cerebral perfusion during infra-renal aortic aneurysmectomy using transcranial Doppler ultrasonography (TCD) and near-infrared spectroscopy (NIRS).
Both TCD and NIRS evaluate cerebral perfusion noninvasively. TCD estimates cerebral blood flow by continuous measurement of flow velocity of one of the major cerebral arteries. The middle cerebral artery (MCA) mean flow velocity (V mean ) has a close relation to cerebral blood flow 6, 7 . Cerebral oximeters using the principles of NIRS, first described in 1977 8 , enable transillumination of the intact head and allow continuous assessment of regional brain haemoglobin oxygen saturation by measuring the differential absorption of infrared light by oxyhaemoglobin and deoxyhaemoglobin 9, 10 .
MATERIALS AND METHODS
The study was approved by the Copenhagen Ethics Committee (01-121/96) and included 12 ASA physical status 2 to 3 patients undergoing elective infrarenal abdominal aortic aneurysmectomy (Table 1) . Premedication was with oral triazolam 0.125 to 0.25 mg one hour before anaesthesia. All patients had combined epidural (T7-T9) and general anaesthesia. Anaesthesia was induced with sodium thiopentone (3.4±0.2 mg.kg -1 ), midazolam (0.07±0.01 mg.kg -1 ), fentanyl (3.2±0.2 µg.kg -1 ), and pancuronium (0.1 ±0.0 mg.kg -1 ) and it was maintained with nitrous oxide in oxygen (F i O 2 0.30 to 0.35) and isoflurane.
The epidural block was maintained with 0.25 % bupivacaine mixed with morphine (50 µg.ml -1 ) 5 ml.hr -1 . Intermittent positive pressure ventilation (IPPV) was maintained using a Dräger-Cato anaesthetic ventilator. An oximetry pulmonary artery catheter (Baxter, Irvine, CA) and a radial artery catheter were placed after induction of anaesthesia and before surgery.
Mannitol 0.5 g.kg -1 was administered before the aorta was clamped. Any hypertensive response to the aortic clamping was controlled by increasing inhaled isoflurane concentration and/or with intravenous bolus injection of fentanyl of 0.05 to 0.2 mg and/or intravenous nitroglycerine (5 µg.kg -1 .min -1 for short periods in two patients). Episodes of hypotension were treated with volume expansion and intravenous injections of ephedrine 5 to 10 mg, phenylephrine 0.05 to 0.1 mg, and/or calcium chloride 0.5 to 1 g.
Data collection included MCA V mean (Multidop X, DWL, Sipplingen, Germany), cerebral oxygen saturation (S c O 2 , INVOS 3100 Cerebral Oximeter, Somanetics, Troy, MI), CO, mixed venous saturation (S v O 2 ), heart rate (HR), mean arterial (MAP), mean pulmonary arterial (MPAP), pulmonary capillary wedge (PCWP) and central venous pressures (CVP), pulse oximetry saturation (S a O 2 ), and oesophageal temperature (Hewlett Packard, Boblingen, Germany). The end-tidal carbon dioxide tension (P ET CO 2 ) and the inspired concentration of isoflurane were monitored by a Dräger-Cato ventilator monitor (Drägerwerk, Germany). V mean was monitored by insonating the proximal segment of the right (n=5) or left (n=7) MCA at the depth of 5 to 6 cm through the temporal "window" using a 2 MHz pulsed probe. Once the optimal signalto-noise ratio was obtained, the probe was secured with a head band. V mean was computed as the timeaverage of the maximal frequency shifts for 15 s. A probe for continuous NIRS was placed on the fore-head above the frontal sinus and S c O 2 was displayed on a screen. S c O 2 was estimated from the ratio of absorption of two wavelengths reflecting deoxygenated (732.5 nm) and the sum of deoxygenated and oxygenated haemoglobin (808.75 nm), and the distance of the optode was 4.5 and 5 cm emphasising the signal from "deep" tissue.
Variables were recorded five minutes before crossclamping of the aorta (baseline), two, five and fifteen minutes after the clamp, five minutes before declamping of the aorta, two, five and ten minutes after declamping, and at the time of abdominal closure. Systemic vascular resistance (SVR) was (MAP-CVP).80.CO -1 (dyn.s.cm -5 ) and the pulmonary vascular resistance (PVR) was (MPAP-PCWP).80.CO -1 (dyn.s.cm -5 ). The Friedman test was followed by the Wilcoxon signed rank test to evaluate changes over time (Systat 5.2, Evanston, IL). Data are presented as mean and standard error (SEM). A P<0.05 was considered significant.
RESULTS
Changes in MCA V mean , S c O 2 , and P ET CO 2 were parallel ( Figure 1 ). They decreased during crossclamping of the aorta and increased after declamping of the aorta. During aortic cross-clamping, MCA V mean decreased from 43±5 at baseline to 38±5 cm.s -1 (value presented from the largest change with P<0.05, and same as below) and S c O 2 from 69±2 to 66±2%, P ET CO 2 from 30±0.7 to 26±0.7 mmHg, and CO from 7.1±0.7 to 4.6±0.3 l.min -1 . Conversely, MCA V mean rose immediately following declamping of the aorta (58±4 cm.s -1 ) as P ET CO 2 increased to 37.5±0.7 mmHg, and both returned towards the baseline level by the time of abdominal closure. CO returned to the baseline level after removal of the aortic clamp. The increase in S c O 2 was slightly delayed and its elevation did not become significant (72±2%) until 10 minutes after reperfusion. The only statistically significant change in S v O 2 was an increase at the time of abdominal closure.
HR decreased after aortic cross-clamping and until five minutes after declamping of the aorta (from 74±3 to 64±3 BPM), and it then returned to the baseline level. MAP changed significantly only immediately following cross-clamping (from 80±3 to 86±2 mmHg) and declamping of the aorta (67±3 mmHg). MPAP decreased from 27±2 to 23±2 mmHg during the aortic cross-clamping and increased to 34±2 mmHg after declamping of the aorta. There were no significant changes in PCWP and CVP ( Figure 2 during the aortic cross-clamping and its decrease after reperfusion of the aorta was not statistically significant. There were no significant changes in PVR, S a O 2 , body temperature and the inspired concentration of isoflurane (Figure 3 ).
DISCUSSION
The results demonstrated that the middle cerebral artery mean flow velocity decreased during crossclamping of the aorta and increased following declamping. The change in MCA V mean appeared independent of the arterial blood pressure but paralleled the deviations in cardiac output and endtidal carbon dioxide tension, while the change in the cerebral oxygen saturation was quantitatively similar to MCA V mean but its increase after declamping of the aorta was comparatively delayed.
TCD examination permits quantitation of flow velocity of the intracranial vessels, evaluation of autoregulatory capacity and vasomotor reserve, and provides evidence of cerebral perfusion 11 .
In contrast to an increase in CO and MCA V mean upon cross-clamping of thoracic or thoracoabdominal aorta 3, 4 , infra-renal aortic cross-clamping resulted in a decrease in CO and MCA V mean . The reduced CO and P ET CO 2 was associated with an increased afterload and isolation of the vascular bed of the lower extremities with reduced tissue perfusion and required no change in ventilation. In turn, the decrease in MCA V mean and S c O 2 corresponded to the reduction in CO and blood carbon dioxide as reflected by P ET CO 2 . The decrease in MCA V mean and S c O 2 was only marginal and it may, therefore, be clinically unimportant. The most likely mechanism for the different responses to cross-clamping of the aorta is related to the level of cross-clamping. There is a redistribution of the circulating blood volume, mainly from the splanchnic system to the organs and tissues proximal to the level of cross-clamping leading to an increase in CO and cerebral blood flow, if the cross-clamping occurs at diaphragmatic level 3, 12 . On the other hand, clamping of the aorta below the coeliac artery might be associated with pooling of blood in the splanchnic area with a subsequent decrease in venous return 12 .
After declamping of the aorta, MAP decreased, and MCA V mean and P ET CO 2 increased with the return of CO to the baseline level. MCA V mean reached a peak after five minutes when MAP had returned to the pre-reperfusion level.
Carbon dioxide is a dominant determinant of cerebral blood flow. End-tidal carbon dioxide approximates the alveolar carbon dioxide tension and is regarded as an indirect measure of P a CO 2 [13] [14] [15] [16] . Markwalder and colleagues demonstrated dependency of MCA V mean on P ET CO 2 in normal subjects 17 . However, the relationship between P a CO 2 and P ET CO 2 varies greatly when ventilation and/or perfusion in the lung change 13, 14 . It is not ideal to use P ET CO 2 as an indicator of P a CO 2 when CO changes following cross-clamping and declamping of the aorta as in this study. One of limitations of the study is that we did not collect arterial blood samples for blood gas analysis at each time point. Therefore, carbon dioxide reactivity was not calculated based on the P ET CO 2 . However, P a CO 2 does increase following the aortic declamping 18 and the increase in MCA V mean may be the result of such an elevation of P a CO 2 as evidenced by the elevated P ET CO 2 .
The cerebral artery V mean response to carbon dioxide is intact with the use of isoflurane/fentanyl anaesthesia 19, 20 . Both isoflurane 21 and haematocrit 22 affect MCA flow velocity. However, there was no significant change in either the inspired concentration of isoflurane or haematocrit during the study period and they should, therefore, not contribute to the change in MCA V mean . Both mannitol and nitroglycerine affect cerebral haemodynamics. Mannitol diminishes cerebral blood flow by increasing cerebrovascular resistance 23 . In contrast, nitroglycerine increases cerebral blood flow by decreasing cerebrovascular resistance 24 . Mannitol caused no change in MCA V mean in one study 23 but an increase in another 25 . However, both studies were based on neurosurgical or head trauma patients where the responses may be different. Weyland and co-authors reported that intravenous infusion of nitroglycerine increased cerebral blood flow while it reduced MCA V mean 24 study, the effect of neither mannitol nor nitroglycerine on MCA V mean was identifiable. NIRS monitors regional cerebral oxygenation and S c O 2 reflects a mixed vascular saturation and it is dominated by venous blood which contributes to approximate 75% of cerebral blood volume 26 . However, there are concerns over its accuracy, interpretation and reliability 27, 28 and its clinical application is still under investigation.
Hypotension upon declamping of the aorta may contribute to the delayed increase in S c O 2 29 . S c O 2 started to rise after five minutes when MAP had been restored and MCA V mean had increased to a peak level. The elevation in S c O 2 may reflect cerebral hyperaemia as a result of increased carbon dioxide and cerebral perfusion. The extracerebral circulation may contribute to S c O 2 measured by the Invos 3100 and especially so when a narrow optode separation was used (1 and 2.7 cm 29 , and even 3 and 4 cm 30 ). However, the optode separation we used was 4.5 and 5 cm. In addition, NIRS is able to measure carbon dioxide reactivity which is largely independent of extracerebral tissue perfusion 31 . Reports have also revealed that changes in S c O 2 lagged behind 31 , or even did not follow changes in MCA V mean 28 . Nevertheless, the patterns of changes in MCA V mean , S c O 2 and P ET CO 2 were parallel in our study. As a trend monitor as suggested by some authors 32 , the dynamic change in S c O 2 was identical.
The observed elevation in the intracranial pressure following cross-clamping of the thoracic aorta is probably related to increased cerebral blood flow and volume 33, 34 . However, cerebral blood flow decreased as indicated by MCA V mean during cross-clamping of the infrarenal aorta in our study.
MCA V mean increased 34% after aortic declamping and it increased by 104% in one patient. The clinical impact of the increased cerebral perfusion is unclear. Systemic ischaemic response to reperfusion of the lower body or deflation of a pneumatic tourniquet from a limb involves a similar mechanism. Raised intracranial pressure has been reported following tourniquet release in patients with multiple traumas including head injury [35] [36] [37] and these patients may have impaired cerebral autoregulation. However, it is unknown whether there is any change in intracranial pressure in response to ischaemic reperfusion in patients with an intact brain. Further investigations into the relationship between increased cerebral perfusion and intracranial pressure as well as their neurological consequences are warranted. Attempts have been made to prevent or reduce the ischaemic reperfusion response. After reperfusion of the engrafted liver, the increase in MCA V mean is as high as 45% 38, 39 . Hyperventilation prior to the reperfusion of the engrafted liver attenuated cerebral hyperperfusion during liver transplantation 39 . Administration of N-acetylcysteine reduced the ischaemic reperfusion response during abdominal aortic aneurysmectomy, but the cerebral circulation was not evaluated in the study 2 .
It is concluded that cerebral perfusion, assessed by transcranial Doppler ultrasonography determinedmiddle cerebral artery mean flow velocity and nearinfrared spectroscopy-determined cerebral oxygen saturation, decreases during cross-clamping of the infrarenal aorta, and that it increases upon reperfusion, with the S c O 2 signal lagging behind MCA V mean . The changes in MCA V mean and S c O 2 paralleled the deviations in cardiac output and end-tidal carbon dioxide tension.
